Cross-sectional scanning tunneling microscopy is used to identify the origin of the anisotropic electronic structure of acceptor states in III-V semiconductors. The density of states introduced by a hole bound to an individual Cd acceptor in GaP is spatially mapped at room temperature. Similar to the Mn hole wave function in GaAs, we found a highly anisotropic, crosslike shape of the hole bound to Cd both at the GaP͑110͒ and the GaP͑110͒ orthogonal cleavage planes. The experimentally observed similarity of the symmetry properties of Mn:GaAs to Cd:GaP shows that the anisotropic structure of acceptor states in zinc-blende III-V compounds is determined by the cubic symmetry of the host crystal. Nevertheless, the weak spin-orbit interaction in GaP leads to a slight modification of the Cd bound-hole wave function relative to that of Mn in GaAs. In addition to the anisotropic angular structure of the d-like spherical harmonic of the wave function, which dominates the appearance of the hole ground state far from the ionic core, the admixture of g-like and higher order spherical harmonics is identified at the sides of the Cd hole wave function. The experimentally obtained results agree with both atomistic tight-binding and envelope-function effective-mass theoretical models.
I. INTRODUCTION
Dopant atoms are essential components in semiconductor materials not only because they provide extrinsic charges or magnetic moments, but because single dopants offer the potential to be used as the functional parts of nanoscale or quantum information devices. [1] [2] [3] [4] In order to utilize single dopants in such devices, their electronic and magnetic properties have to be understood in detail, including the influence of the host materials. This includes the spin-orbit ͑SO͒ interaction, which in bulk semiconductors doped with magnetic atoms is known to be responsible for magnetic anisotropy and optical dichroism. 5 Cross-sectional scanning tunneling microscopy ͑X-STM͒, with its high spatial resolution and electronic sensitivity, has recently become a sophisticated technique to investigate at the atomic scale the local electronic structure of individual dopants on the cleavage surface of cubic III-V compounds.
In X-STM measurements, donors like Si in GaAs appear as isotropic round protrusions, in analogy with the hydrogenic impurity model, 6 whereas relatively deep acceptors like Mn introduce a distinct anisotropic contrast in GaAs. 7 A multitude of experimental techniques, including electron paramagnetic resonance 8 and infrared ͑IR͒ spectroscopy, 9 revealed the existence of a Mn-related neutral A 0 ͑d 5 + hole͒ acceptor center in GaAs. Although the IR spectroscopy data were analyzed theoretically within a spherical approximation for the electronic structure, 9 a large contribution of the anisotropic d-like spherical harmonic to the bound-hole ground state was identified experimentally by X-STM measurements. 7 Similar results have since been found for the shallower Mn in InAs. 10 Under appropriate tunnel conditions, Mn reveals a striking anisotropic crosslike shape of the local density of states ͑LDOS͒ with a twofold symmetry on the GaAs͑110͒ cleavage plane. The contrast introduced by Mn exhibits a weakly asymmetric profile along the GaAs͓001͔ crystal direction and a slight reduction of the spatial symmetry across the single GaAs͑110͒ mirror plane. The lowering of the contrast symmetry may be related to the symmetry properties of the crystal lattice at the GaAs͑110͒ cleavage surface.
Theoretical approaches based on an atomistic tightbinding model ͑TBM͒ and an envelope-function effectivemass model ͑EMM͒ have provided insight into the origin of the anisotropic ground state wave function of a valence hole bound to an individual Mn center in GaAs. 7, 11 In EMM, the acceptor state wave function is described analytically. It provides a detailed qualitative insight into the composition of the wave functions as a mixture of the different spherical harmonics due to the cubic GaAs environment. The TBM takes into account the full band dispersion and models the local binding potential of a tetrahedral symmetry due to the specific bonding configuration of the dopant atom in the host crystal. The TBM provides quantitative information on the atomic scale and allows a direct comparison with the experimental X-STM results. It is known that the d-like spherical harmonic of the hole ground state originates from the strong hybridization of the Mn 3d 5 electrons with the As p states associated predominantly with the host heavy-hole band. Whether or not the SO interaction in GaAs is included, TBM calculations find an anisotropic wave function for the Mn acceptor state similar to that seen experimentally. 7 Further TBM calculations including the SO interaction revealed a small spin orientation dependence of the LDOS around an isolated Mn dopant in GaAs. 12 Within the EMM, the anisotropy in the bulklike ͑Mn 2+ 3d 5 + hole͒ acceptor state was traced to the influence of the cubic symmetry of the GaAs crystal, which enhances the contribution of the d-like spherical harmonics of the hole ground state.
In this work, we present a comprehensive experimental and theoretical investigation of the role of the SO interaction and the cubic crystal symmetry on the spatial structure of relatively deep acceptors. We first focus on our experimental X-STM data of the spatial dependence of the Mn state in GaAs and the Cd state in GaP. The principal difference between these two host materials is that GaP has a much smaller SO interaction than GaAs. The anisotropic structure of each acceptor will be analyzed individually and compared quantitatively with each other with an emphasis on differences in symmetry. The interpretation of the experimental measurements of the acceptor ground state wave function for both Mn:GaAs and Cd:GaP will be evaluated in detail by the TBM and by the EMM within the cubic approximation.
II. EXPERIMENTAL APPROACH
To study experimentally the effect of SO interaction on the acceptor shape anisotropy, we carried out a set of X-STM measurements on Mn acceptors in GaAs and on Cd acceptors in GaP. We evaluate the relative SO interaction by considering the energetic position of the split-off band ͑⌬E so ͒ relative to the acceptor ground state binding energy E a ͑1S 3/2 ͒ in the band gap region. Although the Cd acceptor binding energy of E a = 102 meV in GaP is nearly identical to that of Mn in GaAs ͑E a = 113 meV͒, the SO interaction differs greatly between the two hosts. The value of ␦ = ⌬E so / E a ͑1S 3/2 ͒ for a specific dopant and host material qualitatively determines whether the dopant is in the weak SO coupling limit ͑␦ Ӷ 1͒ or strong SO coupling limit ͑␦ ӷ 1͒. 13 As measured from the top of the valence band, the magnitude of the SO interaction in GaP, ⌬E so ͑GaP͒ = 80 meV, is about four times smaller than that of GaAs, ⌬E so ͑GaAs͒ = 340 meV. 14 The room temperature X-STM measurements were performed at the atomic scale individually on p-type and nondegenerate Mn doped GaAs and Cd doped GaP samples. In order to achieve a clean and atomically flat surface, the samples were cleaved in situ under ultrahigh vacuum conditions ͑Ͻ2 ϫ 10 −11 mbar͒ and the experiments were done by using electrochemically prepared polycrystalline tungsten tips. The first set of measurements was carried out on the ͑110͒ surface plane of a 150 nm thick molecular-beamepitaxy-grown Mn doped GaAs layer with a doping concentration of about 2 ϫ 10 18 cm −3 . For the other set, two liquidencapsulated-Czochralski-grown, Cd doped GaP samples, with a doping level of about 5 ϫ 10 17 cm −3 , were measured separately on the two nonequivalent ͑110͒ and ͑110͒ surface planes of orthogonally cleaved crystal facets. These two planes exhibit perpendicular cross sections through the crystal, in which the orientations of the Ga and As zigzag atomic rows are inverted relative to each other. The concentration of the dopants in the respective crystals was intentionally set to a low value during the growth to avoid impurity-impurity interaction and impurity band formation. The cleaved sample surface planes were scanned with a wide range of applied voltages in constant current mode, during which the empty state topography and the current images were recorded simultaneously.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In Fig. 1 , we compare the atomically resolved X-STM topography maps of the hole distribution around isolated Mn and Cd acceptors in GaAs and GaP materials, respectively. The measurement for Mn:GaAs was acquired at a sample bias of U s = + 0.7 V in constant current imaging mode. At this relatively small sample bias, where the Fermi level of the STM tip is moved far below the bottom of the conduction band, it becomes possible to image the occupied As states as well as the electronic contrast introduced by deeply buried Mn atoms located at least 10 ML ͑monolayer͒ below the cleavage plane or closer to the surface. As can be seen in Fig.  1͑a͒ , Mn introduces a typical crosslike LDOS with a twofold symmetry on the GaAs surface. Unlike the previously reported triangular contrast for shallow Cd acceptor in GaAs ͑E a = 35 meV͒, 15 we found a spatially extended, highly anisotropic crosslike electronic structure for Cd in GaP ͓Fig. 1͑b͔͒. The shape, orientation, and the symmetry properties of Cd closely resemble the anisotropic structure of the ͑Mn 2+ 3d 5 + hole͒ complex projected on a GaAs surface. Similar to Mn:GaAs, Cd is symmetric across the ͑110͒ reflection plane and displays a weak asymmetry along the ͓001͔ crystal direction. This symmetry is C s , but we will refer to images such as Fig. 1͑b͒ as showing a slightly reduced C 2v symmetry with the surface normal as symmetry axis. The only difference observed between the topography of the two acceptors is the lateral size of the corresponding contrasts. For example, Mn-induced LDOS extends spatially over a few atomic distances more than the one for Cd. This is due to the fact that each dopant is located at a different geometric depth with respect to the cleavage surface plane.
In order to determine the actual subsurface depth and the spatial position of the dopants with monolayer precision, we analyzed the relative intensity of the electronic contrast of all the observed acceptor features with respect to the atomic corrugation of the surface states. Based on the spatial symmetry of the crosslike features, we distinguished Mn and Cd located on a Ga site with a distance of about 7 Ϯ 1 and 4 Ϯ 1 ML below the GaAs͑110͒ and GaP͑110͒ cleavage surfaces, respectively. For the deeper acceptors, the spatial extension of the contrast extends even further along the ͓001͔ direction. Our observations clearly show that the anisotropic features introduced by Mn and Cd tend to become more symmetric when the dopant is located deeper inside the host crystal, where the environment is nearer to the bulk host material. Figure 2͑a͒ shows a magnified X-STM topography map of a pair of Mn dopants ͑labeled as Mn1 and Mn2͒ in GaAs. To further explore the spatial symmetry and the anisotropy of Mn contrast, a Fourier filter ͓fast Fourier transform ͑FFT͔͒ is applied to separate the background atomic corrugation of the As atomic sublattice ͑high-frequency topography com-ponent͒ ͓Fig. 2͑b͔͒ and the Mn related envelopes ͑lowfrequency topography component͒ ͓Fig. 2͑c͔͒ from the topography map. The symmetry and height analysis obtained from the topography line profiles applied along the GaAs͓001͔ direction ͑Fig. 4͒ reveal that Mn1 is located 1 ML closer to the GaAs surface than Mn2; hence Mn1 exhibits a higher intensity and a smaller spatial extension as compared to Mn2 in the topography image. Evident from the high-frequency images ͓Fig. 2͑b͔͒ and topography line profiles ͓Fig. 4͑a͔͒, the two Mn dopants evidence distinct spatial symmetry, appearing as two different arrangements of the atomic LDOS on the As sublattice. The contrast symmetry is reflected in an equal raising of either two As atoms or only a single maximum of one As atom in the vicinity of the Mn center. This is due to the fact that Mn is positioned either in between ͑i.e., Mn2 at even subsurface plane͒ or underneath ͑i.e., Mn1 at odd subsurface plane͒ the surface Ga atomic rows. Consistent with the zigzag alternation of the adjacent planes in a typical zinc-blende structure, the substitution of the dopant atom alters spatially in Ga sublattice position from one plane to another with respect to the top GaAs͑110͒ cleavage surface ͓Fig. 2͑d͔͒. Independent of the spatial position of Mn, we also observed a pronounced local distortion of the atomic As LDOS around each Mn center extending along ͓001͔ and ͓001͔ opposite crystallographic directions. This is most probably an electronic effect, because the distortion of the atomic LDOS vanishes when we image the Mn atoms at higher applied voltages.
Although the orientation of the crosslike contrast is always the same for all dopant atoms in one sample, there are crucial differences if we compare ͑110͒ and ͑110͒ cleavage surfaces. It is known that these two surfaces represent orthogonal cross sections through the crystal. Figure 3 shows that the anisotropic contrast introduced by Cd has a reversed orientation on the GaP͑110͒ compared to the GaP͑011͒ surface with respect to the ͓100͔ direction. Such inversion of the asymmetric shape is consistent with the opposite crystallographic orientation of the Ga-As zigzag rows along the ͓110͔ or ͓110͔ direction, which is induced by the natural inversion asymmetry of the ͑110͒ and ͑110͒ surfaces. The symmetry reversal of the Cd contrast in GaP is in good agreement with recent X-STM results on the inversion of the triangular shape of shallow Zn acceptors on the orthogonal GaAs surface planes. 16 Based on the symmetry and the height analysis of the Cd contrasts, we identified both Cd centers ͑labeled as Cd1 and Cd2͒ to be located in an odd Ga sublattice position at different subsurface depths with an in-plane separation of about 3 Ϯ 1 ML below the GaP cleavage plane. In comparison with the Cd2 contrast on GaP͑110͒ plane, the intensity introduced by Cd1 on GaP͑110͒ is relatively high, whereas the respective contrast exhibits a lower spatial extension with a strongly broken symmetry ͑nearly a triangular shape͒ along the ͓001͔ direction. This is due to the relative nearness of Cd1 to the cleavage surface compared to Cd2. For the near- surface acceptors, we associate a dramatic reduction of the contrast symmetry around the surface normal from a slightly broken C 2v to a clear C s symmetry with the cleavage induced broken symmetry of the crystal surface. Figures 3͑c͒ and 3͑d͒ show the FFT processed contour plots of the Cd induced envelopes on GaP͑110͒ and GaP͑110͒ surface planes, respectively. The measured LDOSs around Mn and Cd acceptors are further shown by line profiles through both the center and a point off center of the envelope images ͓Figs. 4͑f͒ and 4͑d͔͒. The off-center line profiles, which are parallel to the envelope main axis along the ͓001͔ direction, were acquired at a distance about 2.0 nm away from each envelope maximum. As determined by the unoccupied state imaging mode and the central line profiles, the maximum of the Cd1 envelope shifts away laterally along the ͓001͔ direction on the GaP͑110͒ plane. A similar shift for the Cd2 envelope occurs toward the ͓001͔ direction on the GaP͑110͒ plane with respect to the maximum of the topographic dopant position. The shift of the envelope is somewhat bigger for the near-surface acceptors. For example, the lateral shift for Cd1 was measured to be around 28% more than the one for Cd2, and for Mn1 and Mn2, this difference is about 16% on the same surface plane. This clearly indicates that the shift of the contrast maximum has a dependence on the dopant depth. A similar depth dependent contrast shift has previously been observed for Zn acceptors on the ͑110͒-cleavage surface of p-type GaAs. 17 Unlike the case for the Mn envelopes ͓Fig. 4͑c͔͒, the off-center line profiles of the Cd envelopes revealed additional fine structures appearing as weak protrusions in the middle of both upper and lower edges ͓Fig. 4͑d͔͒. For example, these Cd induced protrusions, which are also visible in the envelope images ͓Figs. 3͑c͒ and 3͑d͔͒, extend sideways along GaP͓110͔ and GaP͓110͔ in opposite directions on GaP͑110͒ plane. The observed protrusions make a minor contribution to the anisotropic appearance of the Cd LDOS at large distances, but have no dependence either on the opposite orientation of the surface states at two orthogonal crystal facets or on the spatial position of the dopant center.
IV. THEORETICAL COMPARISON

A. Tight-binding model
We used a multiband tight-binding Hamiltonian and the approach developed in Ref. for Mn:GaAs and Cd:GaP states, respectively. The frames depict the cross section of the LDOS for both acceptors on the ͑110͒ plane, with each of the acceptors located at the same spatial position ͑5 ML below the viewing plane͒ in the corresponding crystal. Consistent with the X-STM results, the calculations reveal very similar spatially extended anisotropic crosslike structures for both of the Mn and Cd wave functions. The cross sections in the ͑110͒ plane display symmetry in the ͑110͒ mirror plane and a relatively weak asymmetry in the ͓001͔ direction ͑C 2v symmetry͒. For a precise analysis of the TBM data, the high-frequency ͑Bloch state͒ component is filtered out from the topography using a lowpass FFT filter. As shown in Figs. 5͑c͒ and 5͑d͒ , the spatial structure and symmetry of the Cd envelope in GaP appear slightly different from those of Mn in GaAs. The apparent difference has different features depending on whether the observation point is a short or long distance from the envelope maximum. The symmetry of the LDOS near the center of Mn envelope is found to be strongly lowered with respect to either GaAs͑110͒ or GaAs͑001͒ reflection planes. However, the LDOS around the Cd envelope maximum exhibits almost a complete symmetric profile with the short axis under the same GaP reflection planes. The change of the symmetry around the core of the acceptor envelope can be associated with the structural differences between the 3d atomic orbital components of magnetic and nonmagnetic acceptors. For instance, the Cd acceptor has a fourfold degeneracy ͑angular momentum of 3 / 2͒, whereas Mn introduces a threefold degenerate state ͑angular momentum of 1͒. In agreement with the experimental results, the envelope obtained from the calculated Cd LDOS in GaP reveals the presence of weak protrusions both at the upper and lower edges and also the right and left corners of the related envelopes. The observed fine features, which were characterized quantitatively by the line profiles ͓Fig. 5͑f͔͒, extend spatially sideways along the ͑110͒ mirror plane.
B. Envelope-function effective-mass model
To further analyze the effect of the SO interaction on the Cd and Mn LDOSs, we also performed EM calculations within the zero-range potential approximation. 20 For strong SO interaction, the Hamiltonian of the fourfold degenerate ⌫ 8 topmost valence band can be expressed in the following form:
where ␥ 1 , ␥ 2 , and ␥ 3 are the Luttinger-Kohn ͑LK͒ parameters and J is the angular momentum matrix for 3 / 2 state. It is well known 21 that the Hamiltonian ͑1͒ is the upper-left ͑4 ϫ 4͒ part of the ͑6 ϫ 6͒ Hamiltonian, which is obtained by performing the unitary transformation of the block-diagonal Hamiltonian with the ͑3 ϫ 3͒ blocks on the diagonal and adding the value of the spin-orbit splitting ⌬E so to the last two diagonal terms:
When ⌬E so =0 ͑or small enough to neglect it͒, the Hamiltonian ͑2͒ describes the ⌫ 8 valence band and the ⌫ 7 split-off band as well as their interaction. For large SO splitting, one can use Eq. ͑1͒ as the Hamiltonian of the ⌫ 8 band only. The connection between the constants ␥ i ͓Eq. ͑1͔͒ and ␣ i ͓Eq. ͑2͔͒ is determined by comparing Eqs. ͑1͒ and ͑2͒, and is written as
To model the ground state wave function of Mn:GaAs and Cd:GaP acceptors in the case of strong and weak SO coupling limits, we numerically solved both Eqs. ͑1͒ and ͑2͒ within the cubic approximation ͑␥ 2 ␥ 3 ͒ for a zero-radius potential. In these calculations, the LK parameters 22 for the J =3/ 2 state, GaAs ⌫ 8 ͑␥ 1 = 7.65, ␥ 2 = 2.41, and ␥ 3 = 3.28͒ and GaP ⌫ 8 ͑␥ 1 = 4.20, ␥ 2 = 0.98, and ␥ 3 = 1.66͒, and for the J =1 state, GaP ⌫ 15 ͑␥ 1 = 5.18, ␥ 2 = 1.47, and ␥ 3 = 2.49͒, were taken into account. We analyzed the bulklike acceptor state with a given binding energy of E a = 100 meV, and compared quantitatively the corresponding logarithm of the ground state probability density both in the presence and in the absence of the split-off bands.
The contour plot of the calculated cross sections for the logarithmic scale acceptor LDOS in the GaAs͑110͒ and GaP͑110͒ atomic planes is shown in Fig. 6 . As can be seen in Figs. 6͑a͒ and 6͑b͒ , the results obtained by the four-band approach revealed a similar anisotropic structure to the acceptor LDOS with a slightly different localization radius for each of the Mn:GaAs and Cd:GaP wave functions. However, the profile in Fig. 6͑c͒ exhibits striking additional fine features extending in the ͓001͔ and ͓110͔ directions as seen before in the analysis of the experimental and TBM results. One can clearly see that all the images have the same C 2v symmetric character, whereas the fine structure in Fig. 6͑c͒ for the ⌫ 15 Hamiltonian ͓Eq. ͑2͔͒ is more pronounced than that of Eq. ͑1͒.
The observed additional fine protrusions in the upper and lower edges of the Cd LDOS can be explained based on the EMM. The zero-range approximation for a dopant potential, which applies to distances larger than the core potential radius, will be applied to clarify the difference between acceptor wave functions calculated using the Hamiltonian of Eq. ͑1͒ and those calculated using the Hamiltonian of Eq. ͑2͒. In the zero-range approximation, the acceptor wave function is formed as a solution of ͑H − IE͒⌿ = V in the k representation. 20 As was mentioned above, Hamiltonian ͑1͒ is a part of Hamiltonian ͑2͒. In other words, Eq. ͑2͒ provides all solutions that are similar to those of Eq. ͑1͒, but the reverse is not true. For Eq. ͑1͒, this set of equations is effectively reduced to two equations due to Kramers degeneracy. The solution for a spinor component in the k representation displays a d-like spherical harmonic centered at the dopant core. The solution of Eq. ͑2͒ is similar; however, it includes even higher order spherical harmonics ͑of at least g-like character͒. Consequently, the image of an acceptor in a semiconductor with small SO splitting like GaN will produce a richer spatial structure, but the overall shape anisotropy will be conserved.
V. CONCLUSIONS
The wave functions of holes bound to a Mn acceptor in GaAs and a Cd acceptor in GaP are spatially mapped and investigated at room temperature by cross-sectional scanning tunneling microscopy. Similar to the Mn state in GaAs, we found a highly anisotropic, crosslike contrast for Cd on the GaP͑110͒ cleavage plane. As determined by the topographic measurements, the SO interaction in the host material does not yield any significant change in the acceptor shape anisotropy, whereas the symmetry of the hole wave function is only influenced strongly by the spatial position of the dopant atom with respect to the host surface plane. The experimentally obtained results demonstrate that the principal determinant of the acceptor induced anisotropic shape of the LDOS in III-V semiconductors is solely the cubic symmetry of the host crystal and not the SO interaction, as previously suggested by tight-binding calculations. 7, 11 We confirmed this by obtaining similar crosslike spatial structures for the acceptor ground state wave function using tight-binding and envelope-function effective-mass models, including either finite or zero SO terms in the model calculations. Nevertheless, our experiments and theoretical models also revealed that a strong reduction of the SO interaction gives rise to additional fine structure in the acceptor state wave functions. These fine structures appear as weak protrusions at the side edges of the acceptor envelopes and make a negligible contribution to the overall acceptor LDOS.
